Introduction
The anterior temporal lobe (ATL) was ignored in classic accounts of language and cognition , in part because it is rarely the center of stroke lesions. This has changed dramatically through the study of patients with focal neurodegeneration in ATL, most frequently caused by TDP-43 proteinopathy and Pick's disease (Mesulam et al., 2014a (Mesulam et al., , 2014b Rohrer et al., 2011) . The most consistent symptoms shown by such patients are inability to name objects (anomia) and loss of single-word comprehension, but nonverbal impairments in object and face recognition are also common (Mesulam et al., 2014a (Mesulam et al., , 2014b . Collectively, these symptoms suggest a fundamental problem in employing conceptual/semantic knowledge, so this syndrome is either referred to as the semantic variant of primary progressive aphasia (PPA-S) or as semantic dementia (SD) (GornoTempini et al., 2004 (GornoTempini et al., , 2011 Mesulam et al., 2003 Mesulam et al., , 2014a Mesulam et al., , 2014b Snowden et al., 1989) . PPA-S and SD may be distinguished based on the prominence of nonverbal impairments (being more central to the latter) (Adlam et al., 2006; Mesulam et al., 2003) , but they are also often treated interchangeably (see (Gorno-Tempini et al., 2011) ). Regardless of these changes in nosology, such patients provide a valuable opportunity to study how conceptual knowledge is arranged in the human brain. Warrington (1975) provided the first modern description of SD. She identified three patients with neurodegenerative etiology, all of whom showed no visuoperceptual impairments in viewing geometric shapes, common objects, or faces. Warrington assessed their ability to access conceptual knowledge by asking them to define (describe aloud) pictures of common objects (e.g. animals), to define the spoken names of those same objects, and to match spoken names with pictures on the Peabody Picture Vocabulary Test (PPVT) (Dunn, 2007) . All three patients showed impairments on the PPVT and word definitions, and two of three patients produced abnormal picture definitions, thus presenting with a mixture of verbal and nonverbal conceptual deficits. The standard neurological diagnoses for these patients would have been concurrent Wernicke-like aphasia (Wernicke, 1874) and associative agnosia (Lissauer, 1890) , attributable to dysfunction in the left perisylvian language network and the ventral visual stream, respectively (Geschwind, 1965) . Warrington offered an alternative mechanism based on a construct that was emerging at that time in the field of cognitive psychology: semantic memory (Tulving, 1972) . Difficulties with both word and picture stimuli were parsimoniously explained as commonly stemming from damage to a unitary long-term memory system, which was dedicated to the storage of conceptual knowledge. The proposed storage mechanism rendered the route of access immaterial (verbal, nonverbal) , as each pathway eventually leads to the same damaged knowledge system (i.e. a unitary system). Warrington's semantic memory framework was widely adopted afterwards (Snowden et al., 1989) . Morphometric magnetic resonance imaging (MRI) eventually implicated the anterior portion of the temporal lobes as the common denominator in virtually every case of SD (Mummery et al., 2000 (Mummery et al., , 1999 Rosen et al., 2002) , with some degree of atrophy usually being present in the ATLs in both hemispheres. Based on this evidence, Warrington's unitary storehouse was proposed to be localized to ATL (Adlam et al., 2006; Rogers et al., 2004) , which has been characterized as the brain's primary "semantic hub" (Lambon Ralph, 2014; Patterson et al., 2007) .
Despite favoring a unitary account of conceptual impairments, in her initial report Warrington (1975) noted that the "correspondence of the deficits for words and for visual objects is far from complete". For example, while patient E.M. successfully defined 93% of the picture stimuli in that study, she was only able to define 65% of the corresponding word stimuli. Similar verbal/nonverbal splits in performance are now known to be common in SD (Bozeat et al., 2000; Lambon Ralph et al., 1999) , and are perhaps most clearly demonstrated in the related and overlapping syndrome of PPA-S.
PPA-S has historically been described and diagnosed as an aphasic syndrome rather than as a disorder of semantic memory (GornoTempini et al., 2011; Mesulam et al., 2009a; Mesulam, 1982) . In its initial stages atrophy is often confined to ATL in the left hemisphere, as evidenced by a consecutive case-series analysis where 8 out of 11 earlystage PPA-S patients showed left unilateral rather than bilateral atrophy according to cortical thickness analysis . Patients in that study and others (Mesulam et al., 2009a) produced fewer specific details when defining nouns than when defining pictures of those same items. PPA-S patients are also slower and less accurate when matching noun stimuli, and generate lower amplitude N400 potentials in response to nouns, compared to judgments of picture stimuli, and these verbal abnormalities correlate with cortical thickness in left ATL (Hurley et al., 2012) . Likewise, patient scores on the PPVT, which is commonly used to assess single-word comprehension, are correlated with cortical thickness in left ATL (Rogalski et al., 2011a) . In summary, verbal impairments often outweigh nonverbal impairments in PPA-S and SD, and critical substrates of verbal comprehension have been localized to the left rather than right ATL.
Discrepancies in performance based on route of access conflict with a basic unitary storehouse model, which have prompted a variety of elaborations to that model and the development of alternative accounts. According to a dual-route account of ATL functionality, ATL is part of a verbal route to conceptual knowledge in the left hemisphere, and part of a nonverbal route to conceptual knowledge in the right hemisphere (Gefen et al., 2013; Hurley et al., 2012; Mesulam et al., 2013; Nilakantan et al., 2017) . The dual-route account thus describes a functional asymmetry in ATL: the left ATL is critical for conceptual access via word form input (written or spoken), while the right ATL mediates access via nonverbal object input (e.g. visual images).
Selective disruption of the verbal route has been well-characterized in PPA-S, and many theories and descriptions of ATL now include provisions for left-hemispheric language specialization (Gainotti, 2014; Lambon Ralph, 2014; Lambon Ralph et al., 2001; Mesulam et al., 2013) . Fewer attempts have been made to localize the nonverbal route, but the results from several studies suggest that right ATL atrophy is particularly disruptive to recognition of facial images. Whereas left ATL lesions are associated with failure to describe celebrities when provided with their names, right-hemispheric lesions are associated with failure to describe those same individuals based on pictures of their faces (Evans et al., 1995; Gainotti, 2007; Gainotti et al., 2003 Gainotti et al., , 2010 Gefen et al., 2013; Snowden et al., 2004 Snowden et al., , 2012 Tranel, 2006) . These studies support the hypothesized role of right ATL in nonverbal access, but some have argued that recognition of specific persons depends on different neural machinery compared to recognition of "common object" stimuli such as animals or tools (McMullen et al., 2000; Pitcher et al., 2009; Thompson et al., 2004; Wallis, 2013) .
The Pyramids and Palm Trees Test (PPT) is commonly employed to assess conceptual knowledge of common objects, where a cue picture must be matched to a thematically associated target picture rather than a foil (Howard and Patterson, 1992) . 1 The verbal version of the PPT includes a comparable test with written words rather than pictured objects. At least one of the aforementioned studies of person knowledge found correlations between famous face recognition and the picture version of the PPT, and between famous name recognition and the word version of the PPT, but no formal analyses were conducted in that study to directly demonstrate a relationship between PPT scores and leftward vs rightward ATL atrophy (Snowden et al., 2004) . Another study including larger samples of both leftward and rightward patients found no differences between the word and picture versions of the PPT in either subgroup (Thompson et al., 2003) . Butler et al. (2009) examined correlations between PPT scores and atrophy (via voxel-based morphometry) in a large sample of degenerative patients including SD and other syndromes. Word and picture scores were both correlated with atrophy in both the left and right ATLs. When picture scores were included as a covariate, however, there was a specific association between word scores and left (but not right) ATL atrophy. Likewise, when word scores were included as a covariate, picture scores were selectively correlated with atrophy in right ATL. Further clinico-anatomic investigations are thus needed to help clarify what role the ATLs in each hemisphere play in nonverbal object processing. There are two inherent methodological challenges when attempting to assess nonverbal object processing, and previous studies may be critiqued on both points. Firstly, it is extremely difficult to eliminate verbal components from ostensible "nonverbal" tests. For example, patients are often asked to define pictures aloud, and although this ensures that the stimuli themselves are nonverbal, the subsequent production of definitions depends upon speech output, and may thus encourage verbal mediation. When patients with aphasia or motor speech impairments provide imprecise definitions this may partially reflect difficulties with word finding and/or other aspects of language production rather than corruption of conceptual knowledge.
The second inherent challenge is to disentangle conceptual from perceptual stages of object processing. Receptive fields of neurons in the occipitotemporal ventral visual stream become increasingly complex as the visual signal is passed forward rostrally (Logothetis and Sheinberg, 1996; Palmeri and Gauthier, 2004) , and convergent lines of evidence (axonal tracing, functional and structural connectivity) all suggest that ATL is the terminus of this visual "stream of complexity" (Binney et al., 2012; Fan et al., 2013; Kondo et al., 2003; Moran et al., 1987; Pascual et al., 2015) . According to serial and cascading models of object recognition, low-level visuoperception therefore takes place in posterior areas and is a prerequisite to subsequent conceptual processing in anterior components of the stream (DiCarlo et al., 2012; Humphreys et al., 1999; Martin, 2007; Palmeri and Gauthier, 2004) . Object misrecognition can be grounded in either of these stages, as occurs in apperceptive (perceptual-based) versus associative (conceptual-based) variants of agnosia (Bauer, 2006; Lissauer, 1890 ). Warrington's (1975) patients were well able to discriminate between basic geometric shapes and to match facial photographs of the same individuals from different viewpoints, inconsistent with an apperceptive impairment. Instead, ATL atrophy in SD/PPA-S seems to typically result in conceptual/associative object impairments (Adlam et al., 2006; Bozeat et al., 2002 Bozeat et al., , 2003 , but it remains important to explicitly test for and rule out apperception.
Conversely, in cases where visuoperception is spared, individuals with associative agnosia may employ perceptually-grounded strategies such as inference and affordance (Gibson, 1979) to circumlocute conceptual failures. For example, when trying to match a picture cue (e.g. hand) with one of two picture probes (e.g. glove or shoe), a patient may fail to access conceptual knowledge of all three items, yet still correctly select the target because its shape is complementary with the cue (e.g. both hand and glove have five elongations while the terminus of a shoe is undifferentiated). These strategies are unavailable for word stimuli (whose form are perceptually arbitrary), and have been described as granting object images "privileged accessibility" (Caramazza et al., 1990; Lambon Ralph et al., 1999) , presenting additional challenges for disentangling perceptual from conceptual stages of object processing during testing.
In the current study, participants with PPA-S and controls completed a nonverbal test of conceptual knowledge designed to address these challenges. The thematic verification task involves neither word stimuli nor oral responses, minimizing the potential for verbal mediation. Pictures of common objects were presented in pairs, and participants judged by button press whether the objects share a thematic association. Pairs were picked that shared minimal physical resemblance, preventing strategies such as perceptual inference and affordance, and thus requiring access of conceptual knowledge.
Verification ("yes" or "no") judgments were required in the thematic task, rather than the common approach of matching a cue item with an associate embedded amongst foils, in order to prevent certain strategies that are available while matching. Specifically, during matching tasks the participant is armed with the fact that one and only one of the probes is a thematic associate, and can employ the process of elimination and process of comparison in executing a probabilistic judgment. As an example of the former, in tests where a cue item (e.g. wedge of cheese) must be matched to one of two probes (e.g. a mouse vs a chicken), a patient with object processing impairments may be completely unable to recognize the target (e.g. the mouse), yet still correctly select the target based on successful recognition and elimination of the foil (e.g. the chicken is recognized and conceptual access yields the knowledge that chickens don't eat cheese). Similarly, patients with object impairments may fail to recognize both probes, yet still select the target through the process of comparison. In addition to perceptual inference and affordance, generic categorical knowledge (the object is a mammal) is often available in SD/PPA-S, even when item-specific knowledge has deteriorated (the object is a mouse, and mice eat cheese) Hurley et al., 2012; Lambon Ralph and Patterson, 2008; Mesulam et al., 2009a) . Generic-level knowledge may be sufficient to allow for process of comparison between probes, for example to correctly select a mammal (mouse) as being more likely to eat cheese than a bird (chicken), even though neither item was specifically identified. By removing these comparative elements intrinsic to matching, verification further compels participants to retrieve associations between specific objects in long-term memory.
A shapes verification task was administered alongside the thematic verification task, in order to ensure that abnormal performance in the thematic task was not driven by visuoperceptual dysfunction. Identification of the shape and form of objects can be thought of as an intermediate step in visual processing, after low-level discrimination of contrast contours and line orientation, but prior to late-stage identification of featural configurations and whole-objects (DiCarlo et al., 2012; Hoffman and Logothetis, 2009; Humphreys et al., 1999) . These steps of middle-vision fail in apperceptive variants of agnosia which have been variously referred to as "visual form agnosia" (Benson and Greenberg, 1969) , "pseudoagnosia" (Warrington, 1985) , "shape agnosia" (Humphreys and Riddoch, 1987) , and "dysmorphosia" (Milner et al., 1991) , and are linked to lesions in posterior temporal and occipital components of the ventral visual stream (Grossman et al., 1997; Karnath et al., 2009; Milner et al., 1991) . The shapes verification task was designed to rule out such intermediate impairments in vision, by presenting participants with pairs of simple geometric shapes, and requiring them to press one button when the shapes are identical and another when the shapes differ. Both the thematic and shapes verification tasks were computerized, allowing for assessment of reaction times in addition to accuracy.
Our hypotheses for this study were derived from the dual-route account of ATL functionality. Based on previous experience, we expected consecutive patient recruitment to yield a series of PPA-S patients who all have L-ATL atrophy, but only some of whom show bilateral atrophy Rogalski et al., 2011b) . Singleword comprehension deficits are the core diagnostic criterion for PPA-S (Gorno-Tempini et al., 2011), as measured in the current study via abnormal scores on the PPVT (spoken word to picture matching). In terms of the dual-route account, this indicates that the verbal lefthemispheric route is compromised in all patients. The key predictions in the current study are with respect to the experimental thematic and shapes verification tasks. According to a dual-route account, the nonverbal route to conceptual access will only be blocked in the minority of patients with right-hemispheric (i.e. bilateral) ATL atrophy. As such, we predicted that thematic verification scores would be associated with the integrity of right rather than left ATL, as assessed by cortical thickness analysis. If instead no hemispheric-specific associations between atrophy and thematic scores are found, this would suggest that both ATLs play a similar role in conceptual knowledge, and that the aggregate amount of atrophy across both is the determinative factor.
Finally, we predicted that although a minority of PPA-S patients would show abnormal thematic verification scores, no patients would show deficits on the shapes verification task. If ATL represents the terminus of the perceptual-to-conceptual visual stream of complexity, any object processing impairments associated with ATL atrophy should be associative rather than apperceptive in nature, and should thus manifest as abnormalities in the thematic rather than shapes verification task. Alternatively, if PPA-S patients show abnormal performance on both tasks, this would suggest a mixture of perceptual and conceptual object impairments, or miscoordination between these processing stages (Ikeda et al., 2006) .
Methods

Participants
All participants were consecutively recruited from an ongoing longitudinal investigation of PPA. Nineteen PPA-S patients (9 female) and 32 healthy controls (16 female) completed the study, all righthanded native English-speakers. A clinical diagnosis of PPA was assigned (author M.M.M.) based on the presence of salient language impairment caused by neurodegenerative disease, according to established criteria (Gorno-Tempini et al., 2011; Mesulam et al., 2012) . In fulfillment of these criteria, language impairments were clinically judged to be more salient than object recognition impairments at the time of initial diagnosis. Clinical diagnosis of an aphasic syndrome was quantitatively confirmed by administration of the Western Aphasia Battery (Kertesz, 1982) . Subtyping of the PPA-S variant was based on the presence of anomia, as measured by confrontation naming on the Boston Naming Test (Kaplan et al., 1983) , and by the presence of singleword comprehension deficits, as measured in the PPVT by requiring participants to match a spoken noun to one of four pictures. A PPVT index was derived from the average of 36 items (questions 157-192) , which has been extensively validated by our group as being sensitive to single-word comprehension deficits in PPA (Mesulam et al., 2009b Rogalski et al., 2011a) . The Benton Facial Recognition Test (Benton, 1994) , which requires identity matching of faces photographed from different angles, was included as a rigorous test of object visuoperception free of conceptual demands.
Experimental tasks
Two computerized experimental tasks were given (Fig. 1) . On the shapes verification task participants were shown pairs of geometric line drawings, presented side by side horizontally. Participants were instructed to press one of two buttons "to decide if the two pictures are the same shapes, or if they are different shapes". Stimuli for the shapes task were 20 monochromatic line drawings, composed of triangles (n = 2), quadrilaterals (n = 4), other polygons (n = 6), non-polygonal 2D shapes (n = 4, e.g. circle, moon), and 3D shapes (n = 4, e.g. cube, cylinder). The shapes task contained 80 total trials, evenly divided into matching (shape paired with an identical copy) and mismatched trials (two different shapes).
On the thematic verification task participants were shown pairs of object pictures, and were asked to decide by button press whether the objects "go together, can be used together in some way, or are seen together". Thus, unlike the shapes task, the thematic task required participants to draw upon learned associations in long-term memory (i.e. access to conceptual knowledge). Stimuli for the thematic task were color photographs of objects collected from internet image searches. Objects within each image were cropped to remove any features in the background (when applicable), so that all objects were ultimately presented upon a white background. Forty picture "targets" were collected, half depicting animals and the other half depicting tools. These targets were each presented twice; once with a picture "probe" that was a thematic associate (matching trials), and once with an unrelated foil (mismatched trials), for a total of 80 trials. By necessity the thematic associates and unrelated foils represented a potpourri of many object categories, including food (carrot for rabbit), plants (tree for axe), household objects (bowl for whisk), etc. Animal targets were always paired with thematic associates from a different category (mousecheese), and likewise always paired with unrelated foils from a different category (mouse-watch). Tool targets were paired with a mixture of same and different-category associates, and likewise paired with a mixture of same and different-category foils. In this way we hoped to prevent participants from establishing inferences based on stimulus category, which could influence task performance. Thematic associates and foils were balanced for visual complexity as estimated by a compression ratio (t 78 = 0.22; p = .83), calculated as each image's uncompressed file size over compressed file size in Graphic Interchange Format (Palumbo et al., 2014) . A full list of the stimuli is provided in Supplementary Table 1 .
The shapes task was a later addition to the experimental battery, so was only available for 14/19 PPA-S patients and 18/32 controls. Trials where the control participants performed with less than 85% accuracy were excluded from analysis. This included 5/80 trials on the shapes verification task, and 10/80 trials on the thematic verification task (indicated in Supplementary Table 1).
Neuroimaging
Structural magnetic resonance images (MRI) were acquired at Northwestern University's Center for Translational Imaging using a Siemens TIM Trio 3 T scanner. A T1-weighted 3D MPRAGE sequence was used (repetition time, 2300 ms; echo time, 2.91 ms; flip angle, 9°; field of view, 256 mm; slice thickness 1 mm). Cortical thickness analyses were conducted using FreeSurfer software (http://surfer.nmr. mgh.harvard.edu/). After registering the cortical surface into a native vertex-based space, registration errors were manually corrected and the surface was reconstructed in an iterative fashion until all errors were resolved (Segonne et al., 2007) . Cortical thickness was then calculated as the distance between the gray matter/white matter boundary and the pial surface, resulting in thickness estimates at each vertex. Patient thickness values at each cortical vertex were contrasted, via a general linear model, against values from a normative group of 35 previously described healthy older adults with similar demographic properties to the patients (Rogalski et al., 2014) . The normative group included 26 out of the 32 control participants in the current study, and is described in more detail elsewhere (Rogalski et al., 2014) . Average cortical thickness was also extracted from ATL regions of interest (ROI), using the Desikan et al. (2006) atlas temporal pole label for each hemisphere, Fig. 1 . Schematic of the experimental design. The shapes verification task requires participants to judge whether pairs of geometric line drawings are identical or different. The thematic verification task requires participants to judge whether pairs of objects are commonly associated with one another. which include a small roughly circular area (4.0 cm average diameter) at the apex (or "tip") of the temporal poles in each hemisphere.
Statistical analysis
Data points greater than two standard deviations from the group mean were winsorized to reduce the influence of outliers (Dixon, 1960) . All inferential tests were conducted two-tailed. Behavioral data, including demographic measurements, neuropsychological test scores, and values from the experimental shapes and thematic verification tasks, were compared between-groups with independent samples t-tests with degrees of freedom corrected for unequal variance. Whole-brain cortical thickness tests (general linear models) were thresholded via a false discovery rate of 0.0001 to correct for multiple comparisons. This threshold has been shown to reliably detect areas of peak atrophy in PPA (Rogalski et al., 2016) .
Results
Demographic and neuropsychological testing
Demographic and neuropsychological characteristics of each group are shown in Table 1 . The groups had similar age (t 37.2 = 0.14, p = .89) and education (t 32.3 = 0.37, p = .71). PPA-S patients showed lower Aphasia Quotients (summary scores representing overall severity of aphasia) on the Western Aphasia Battery (vs controls t 18.2 = 8.1, p < .001), as evidence that they met standardized research criteria for an aphasia. The PPA-S group showed lower scores on the Boston Naming Test (vs controls t 18.5 = 21.5, p < .001) and the PPVT (vs controls t 18.2 = 9.5, p < .001), thus fulfilling the subtype criteria for anomia and noun comprehension impairments, respectively. Performance was comparable to controls, however, on the Benton Facial Recognition test (vs controls t 40.2 = 0.5, p = .62)
Behavior on the experimental tasks
Reaction times of PPA-S patients and controls on the shapes and thematic verification tasks are shown in Fig. 2A . PPA-S patients were somewhat slower to respond than controls on the shapes task (PPA M ± SD = 987 ± 164 ms; control M ± SD = 890 ± 115 ms), and this group difference approached significance (t 22.4 = 1.9, p = .07). The PPA-S group was significantly slower than controls on the thematic task (PPA M ± SD = 1955 ± 371 ms; control M ± SD = 1381 ± 207 ms) (t 24.8 = 6.2, p < .001). Both groups showed longer reaction times on the conceptually-demanding thematic task than on the shapes task, but the difference between the two tasks was disproportionate in the PPA-S group, according to the interaction term in a 2 × 2 mixed-model ANOVA (F (1,30) = 33.6, p < .001).
Accuracies of PPA-S patients and controls on the shapes and thematic verification tasks are shown in Fig. 2B . Both groups were highly accurate in performing the shapes task (M ± SD Controls = 98.6 ± 1.8%; PPA-S = 99.9 ± 0.2%), with the PPA-S group showing a small but statistically significant increase compared to controls (t 17.6 = 3.1, p = .006). Controls were also highly accurate in performing the thematic task (M ± SD = 98.2 ± 2.1%), but the PPA-S group showed considerably poorer performance (M ± SD = 87.1 ± 11.2%) (t 18.8 = 4.3, p < .001). Thematic performance in the PPA-S group was not only lower on average, but was more variable across participants; the standard deviation in the PPA-S group was more than four times greater than in the control group, and Levene's test for inequality of variance (between-groups) was significant (p < .001).
Characteristics of higher and lower performing patients
Thematic performance was highly variable in the PPA-S group (Fig. 2B) , suggesting that some patients were successful while other patients were unsuccessful in making their judgments. In order to explore this possibility the PPA-S group was split into two subgroups based on accuracy on the thematic verification task. Twelve patients performed above the group average (87.1%) and seven patients performed below the group average, suggesting that the latter were driving differences from controls. Demographic and neuropsychological characteristics of these "higher performing" and "lower performing" subgroups are shown in Table 2 . The subgroups were matched on demographic characteristics (age t 11.1 = 1.2, p = .25; years of education t 16.3 = 0.009, p = .99; symptom duration t 17.0 = 0.31, p = .80) and on visuoperceptual function (shapes verification task t 4 = 1.0, p = .37; Benton Facial Recognition t 16.0 = 1.2, p = .23). The lower performing patients were less accurate on the thematic task (75.1 ± 10%) compared to higher performing patients (94.1 ± 2.6; t 6.5 = 4.9, p = .002), and also compared to controls (98.2 ± 2.1%; t 6.1 = 6.1, p = .001). Although the higher performing subgroup was only 4.1% less accurate than controls on average, this difference was significant (t 16.9 = 4.9, p < .001).
The lower performing subgroup had a more severe Aphasia Quotient on the Western Aphasia Battery (t 9.6 = 3.3, p = .008), greater anomia according to the Boston Naming Test (t 14.9 = 3.2, p = .006), and more severe single-word comprehension deficits on the PPVT (t 15.3 = 2.7, p = .02). This could raise concern that subgroup differences in nonverbal competency (as indexed by thematic verification scores) are confounded by a greater degree of verbal impairment (aphasia severity) in the low performing subgroup. An ANCOVA was performed contrasting thematic verification scores across subgroups (modeled as a fixed factor), while partialling out Aphasia Quotients, Boston Naming Test scores, and PPVT scores (each modeled as a covariate). The main effect of subgroup was significant (F (1,14) = 13.1, p = .003), suggesting that differences in thematic verification accuracy between subgroups are not mediated by verbal competency.
Atrophy patterns for the lower performing (n = 7) and higher performing (n = 12) subgroups were assessed separately using a vertexbased cortical thickness analysis by hemisphere. Significant areas of thinning (false discovery rate of 0.0001) relative to a normative sample of control thickness values are displayed in Fig. 3 . Both the higher and lower performing subgroups showed extensive atrophy throughout most of the left temporal lobe, with the exception of primary auditory cortex. Atrophy was also present in left insular and orbitofrontal cortex. The most salient differences between subgroups, however, were in the right hemisphere, where lower performing patients showed extensive atrophy in ATL. In contrast, the higher performing subgroup showed no significant right-hemispheric atrophy at this threshold.
It is important to note, however, that failure to detect thinning at a given threshold does not indicate total absence of atrophy; in the case of PPA subthreshold thinning is usually present in additional areas, which tends to become significant later in the course of disease (Rogalski et al., 2011b) . We chose a false discovery rate of 0.0001 as this threshold reliably showed areas of peak atrophy in previous investigations (Rogalski et al., 2016) , but less stringent thresholds are Values are shown mean (SD). * Significant differences between groups (p < .05).
R.S. Hurley et al. Neuropsychologia 117 (2018) 92-101 commonly reported. When we regenerated each subgroup thickness map at a more lenient false discovery rate of 0.001, the higher performing subgroup showed additional thinning in a lateral section of the right temporal pole, and the lower performing subgroup showed additional thinning in the left insula and right middle temporal gyrus and sulcus ( Supplementary Fig. 1 ). When the thickness maps from the two subgroups were directly contrasted no differences survived false discovery rate correction, likely representing type II error due to low sample size.
ROI analyses
An additional set of ROI-based analyses were conducted in the PPA-S group. As shown in Fig. 4A , cortical thickness in the right ATL ROI differed between the lower and higher performing subgroups (t 2.9 = 2.9, p = .02), but not in the left ATL ROI (t 14.5 = 0.25, p = .81). Correlations between thematic verification task scores and ROI thickness were then examined in the entire PPA-S group (regardless of subgroup membership; n = 19), in order to quantify any hemispheric asymmetries in the relationship between ATL atrophy and thematic (nonverbal) performance. As shown in Fig. 4B , thematic verification scores were significantly correlated with thickness in the right ATL ROI (r (19) = 0.57, p = .01), but not with the left ATL (r (19) = 0.26, p = .28).
Atrophy in PPA-S tends to co-progress in both hemispheres (Rogalski et al., 2014) , however, leaving open the possibility that an apparent relationship between right ATL atrophy and thematic scores may be confounded by greater atrophy in left ATL as well. Partial correlations were performed in order to address this issue, this time controlling for thickness in the contralateral ROI. Partial correlations replicated the same pattern of results: thematic scores were correlated with thickness in the right (r (16) = 0.54, p = .02) but not left ATL (r (16) = 0.16, p = .54), after partialling out any variance shared with contralateral thickness. Fig. 2 . Behavior in the experimental tasks. (A) The PPA-S group was slower to respond in the thematic but not the shapes verification task, compared to the control group. (B) The PPA-S group was less accurate in the thematic task but slightly more accurate in the shapes task. Standard error bars are shown around each mean. *: Significant differences between groups (p < .05).
Table 2
Demographic and neuropsychological profiles of each PPA-S subgroup. The PPA-S sample was split into those performing above versus below the group average on the thematic verification task. * Significant differences between subgroups (p < .05). Fig. 3 . Cortical thickness in subgroups of PPA-S patients with higher and lower thematic performance. Areas in red-yellow indicating significantly thinner cortex in each compared to controls. Both subgroups show extensive left temporal atrophy, but only lower thematic performers show significant right ATL atrophy at a false discovery rate of 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Discussion
Summary of findings
The goal of this study was to examine how ATL atrophy in each hemisphere affects nonverbal access to conceptual knowledge. Our primary innovation was the development of a thematic verification task which resolved several limitations of previous nonverbal assessments. A dissociation was revealed between a standardized verbal test of spoken noun comprehension (PPVT) and the thematic verification task: whereas all PPA-S patients showed impairments on the former, only a subgroup of patients with prominent right ATL atrophy showed impairments on the latter. This subgroup showed intact performance on the shapes verification task and on Benton Facial Recognition, suggesting their object impairments were associative rather than apperceptive in nature. Thematic scores were correlated with right rather than left-hemispheric atrophy in ATL, and this asymmetric relationship persisted when controlling for atrophy in the contralateral hemisphere. The observed behavioral dissociations and asymmetric hemispheric mappings are consistent with a dual-route account, in which ATL is part of a verbal route for conceptual access in the left hemisphere, and part of a nonverbal route for conceptual access in the right hemisphere.
Nonverbal object assessments
Unlike many object-based assessments, the thematic verification task has no explicitly verbal components, involving only picture stimuli and button-press responses. We do not claim that this prevents verbal mediation, but rather enables the task to be completed via a nonverbal route when necessary. As proposed by Paivio (1986) , the thematic relationships evoked by our task can be dual-coded as associations with visual imagery or with lexical representations. Typical adults flexibly draw upon both sorts of associations, and when neuropathology compromises one route (e.g. the verbal route in aphasia) dual-coding provides an alternative route to conceptual knowledge. As phrased by one of the current authors (M.M.M.), "even patients with severe classic Wernicke's aphasia run away from snakes". Humans would not be alone in employing a nonverbal, image-based route to access conceptual knowledge: non-human species also readily acquire thematic associations between objects in the laboratory (Vaughan, 1988) and in the wild (Seed and Byrne, 2010) .
More than a third of the PPA-S sample showed poor performance on the thematic verification task, demonstrating inability to access knowledge via a nonverbal route. These same patients performed quite well, however, on the shapes verification task, precluding an intermediate-stage apperceptive impairment as occurs in visual form agnosia (Effron, 1968; Karnath et al., 2009; McMullen et al., 2000; Milner et al., 1991; Warrington, 1985) . Patients completed the shapes task with slightly greater accuracy than controls, while maintaining equivalent speed, consistent with reports of visuoperceptual enhancement rather than dysfunction in the SD literature (Green and Patterson, 2009; Viskontas et al., 2011) . Although the geometric stimuli in the shapes task were not as visually complex as the common object stimuli in the thematic task, patient performance was also comparable to that of controls on the Benton Facial Recognition Test, which includes more perceptually complex facial features. The object processing impairments observed in this study therefore appear to have a conceptual rather than perceptual basis, as occurs in associative visual agnosia (Lissauer, 1890) . In contrast, Ikeda and colleagues report that patients with SD have difficulty matching pictures of common objects from different views or from different exemplars, and that these difficulties are aggravated in patients with substantial atrophy in right ATL (Ikeda et al., 2006) . They argue that such tests tap into perceptual-conceptual interactions in object processing. We were unable to address this possibility in the current study as our battery did not include comparable tests with common object stimuli (as opposed to geometric shapes and faces). By including such tests, future studies may be able to determine whether atrophy in ATL affects higher-level visuoperception and perceptual/conceptual interactions.
Asymmetric functionality of ATL
Cortical thickness analyses consistently showed that thematic performance depended upon the integrity of the right ATL. As expected, all PPA-S patients had extensive atrophy throughout the left temporal lobe, excluding only auditory cortex. When PPA-S patients were sorted into subgroups according to thematic verification scores, only the subgroup with low thematic performance showed additional right hemispheric atrophy in ATL at a stringent false discovery rate of 0.0001. When the false discovery rate was lowered to 0.001, additional right temporopolar atrophy emerged in the higher performing subgroup as well, suggesting that nonverbal impairments only emerge when right-hemispheric atrophy reaches a certain degree of prominence. Correlational analyses further related poor thematic performance to the integrity of right rather than left ATL.
The key anatomic signature of nonverbal impairments in PPA-S therefore appears to be in the hemispheric distribution of atrophy in ATL, with impairments only emerging when ATL atrophy is prominent in the right hemisphere. This complements previous studies linking facial recognition impairments to right hemispheric or bilateral atrophy in ATL (Evans et al., 1995; Gainotti, 2007; Gainotti et al., 2003 Gainotti et al., , 2010 Gefen et al., 2013; Snowden et al., 2004 Snowden et al., , 2012 Thompson et al., 2003) . Although some areas may be selectively involved in face versus common object recognition (McMullen et al., 2000; Pitcher et al., 2009; Thompson et al., 2004; Wallis, 2013) , conceptual judgments of both types of stimuli are inter-correlated in SD (Snowden et al., 2004) . The current study provides further evidence that the nonverbal route through right ATL supports knowledge of common objects in addition to faces, as predicted by the dual-route account. These findings are consistent with those from Butler et al. (2009) , who reported preferential linkage between the picture version of the PPT and right ATL atrophy, when word scores were co-varied out in analysis. Unlike previous studies, the current results were obtained after controlling for the degree of contralateral atrophy, which is important as ATL atrophy tends to co-progress in both hemispheres throughout the course of PPA-S (Rogalski et al., 2014) .
These findings fit with an emerging motif in the literature: not all parts of ATL are created equal, certain areas within ATL are functionally specialized, and these areas are arranged along gradients that reflect their patterns of connectivity with various cortical networks (e.g. ). The asymmetric functionality described in dual-route theory fits comfortably within this framework.
Future directions
Much work is needed to further characterize the nonverbal route for conceptual access. It remains unclear whether the nonverbal route is exclusive to ATL in the right hemisphere or exists in both hemispheres (Schapiro et al., 2013) . Some aspects of vision are right-lateralized in posterior components of the ventral stream (Bouvier and Engel, 2006; Koutstaal et al., 2001; Simons et al., 2003) , leading to the hypothesis that ipsilateral connections with those posterior regions grants the right ATL a privileged role in object processing compared to its left hemispheric homolog (Ikeda et al., 2006) . The current results do not address whether the nonverbal route is bilateral or exclusive to the right hemisphere, as all patients with atrophy in right ATL also had lefthemispheric (i.e. bilateral) atrophy. Although atrophy in PPA-S is often bilateral, cases where atrophy is largely unilateral (at a given threshold) are also common, particularly in early disease stages. A previous study employing rigorous quantitative imaging methods (cortical thickness) showed that circumscribed left unilateral ATL atrophy is sufficient to create noun comprehension impairments . Comparable studies are necessary to determine whether unilateral atrophy in right ATL atrophy is sufficient to block the nonverbal route (versus the alternative that both ATLs would need to be compromised).
Nonverbal task correlations in the current study were obtained using a priori temporopolar ROIs, which were confined to the distal apex of ATL, sometimes referred to as the "temporal tip" . This area was atrophic in all patients (in both subgroups). We should note, however, that our ROI selection was largely one of convenience, being the only ROI that is specific to ATL in the Desikan et al. (2006) FreeSurfer atlas. Other areas within the wider ATL region undoubtedly contribute to object recognition. Ventral aspects of ATL, in particular, appear to share selective functional and structural connections with posterior components of the inferotemporal object recognition network (Binney et al., 2012; Jackson et al., 2016; Papinutto et al., 2016; Pascual et al., 2015) . Future studies may further clarify which subregions within ATL contribute to nonverbal versus verbal impairments, and establish the hemispheric specificity of those relationships.
In this study we found that atrophy in right ATL impaired ability to access knowledge of visual object images. Evidence continues to accumulate, however, that right ATL atrophy also affects recognition of auditory object sounds (Bozeat et al., 2000; Golden et al., 2015; Goll et al., 2010) , and even olfactory object recognition (Magerova et al., 2014; Olofsson et al., 2013; Piwnica-Worms et al., 2010; Rami et al., 2007) . As such, our description of "dual-routes" in ATL is almost certainly incomplete, as ATL likely participates in several modality-specific nonverbal routes. Future studies are needed to establish the routes through which ATL participates in non-visual modalities of object recognition, and to localize these routes to specific hemispheres and subregions within ATL.
More work also is needed to clarify the mechanisms by which ATL contributes to nonverbal knowledge. Warrington (1975) described the syndrome that would become known as SD as reflecting damage to a unitary storehouse. The current results could be interpreted as supporting a multiple-storehouse view instead, localizing Paivio's (1986) theoretical verbal and nonverbal knowledge stores to the left and right ATL, respectively. Alternatively, Warrington (1975) also raised the possibility of separate verbal and nonverbal routes of input to the same unitary knowledge store (as a way of explaining greater verbal impairment in patient E.M.), in which case the current results localize these access gateways to separate hemispheres. As yet a third possibility, separate access points may lead to separate verbal and nonverbal storehouses. This study, motivated by the dual route framework, simply demonstrates that the hemispheric distribution of atrophy in ATL affects which sorts of stimuli patients are able to recognize. The current results do not distinguish between disorders of access versus storage, and they do not establish the number of concept storehouses. Resolving those theoretical issues would lead to a deeper understanding of how knowledge is organized in the human brain.
The current results add to previous studies demonstrating that some but not all PPA-S patients have significant nonverbal impairments in object recognition (Mesulam et al., 2009a Warrington, 1975) , and localize those nonverbal impairments to ATL in the right hemisphere. This helps to explain the historical differences in the way PPA-S and SD were characterized (with the latter placing greater emphasis on object recognition impairments) (Adlam et al., 2006; Mesulam et al., 2003) , while also supporting the current consensus framework in which the two syndromes overlap (Gorno-Tempini et al., 2011) . PPA-S and SD could be considered as falling along a single phenotypic continuum, resulting from the same underlying neuropathology, with placement along that continuum depending on the hemispheric distribution of anterior temporal atrophy. Patients with initially isolated left-hemispheric atrophy and language symptoms may go on to develop object recognition impairments as atrophy becomes more prominent in the right hemisphere. Longitudinal investigations including detailed nonverbal assessments could help to confirm this possibility.
